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A urinary microRNA panel that is 
an early predictive biomarker of 
delayed graft function following 
kidney transplantation
Usman Khalid1,4, Lucy J. Newbury1, Kate simpson1, Robert H. Jenkins1, Timothy Bowen1, 
Lucy Bates2,3, Neil S. sheerin2,3, Rafael Chavez1,4 & Donald J. Fraser1
predicting immediate and subsequent graft function is important in clinical decision-making around 
kidney transplantation, but is difficult using available approaches. Here we have evaluated urinary 
microRNAs as biomarkers in this context. Profiling of 377 microRNAs in the first urine passed post-
transplantation identified 6 microRNAs, confirmed to be upregulated by RT-qPCR in an expanded cohort 
(miR-9, -10a, -21, -29a, -221, and -429, n = 33, P < 0.05 for each). Receiver operating characteristic 
analysis showed Area Under the Curve 0.94 for this panel. To establish whether this early signal was 
sustained, miR-21 was measured daily for 5 days post-transplant, and was consistently elevated in 
those developing Delayed Graft Function (n = 165 samples from 33 patients, p < 0.05). The biomarker 
panel was then evaluated in an independent cohort, sampled at varying times in the first week post-
transplantation in a separate transplant center. When considered individually, all miRs in the panel 
showed a trend to increase or a significant increase in those developing delayed Graft Function (miR-9: 
p = 0.068, mIR-10a: P = 0.397, miR-21: P = 0.003, miR-29a: P = 0.019, miR-221: P = 0.1, and miR-429: 
p = 0.013, n = 47) with Area Under the Curve 0.75 for the panel. In conclusion, combined measurement of 
six microRNAs had predictive value for delayed graft function following kidney transplantation.
Kidney transplantation is the treatment of choice for many patients with end stage renal failure. It improves 
quality of life, prolongs survival and is more cost effective in comparison to dialysis1,2. Due to the increasing 
number of patients on the waiting list, new ways have been identified to increase the organ donor pool3,4. These 
have included the use of ‘marginal’ and ‘extended criteria’ donors (defined by the United Network for Organ 
Sharing (UNOS) as donors older than 60 years, or donors between age 50–59 with two or more criteria from 
higher terminal Creatinine >1.5 mg/dl, hypertension and death due to CVA)5,6. However, these innovations have 
also increased the impact of Ischemia Reperfusion Injury (IRI) on the kidney graft, increasing rates of delayed 
graft function (DGF, defined as the need for dialysis within the first week post-transplantation) and primary 
non-function. DGF increases length of hospital stay and risk of acute rejection episodes, and is associated with 
poorer long-term outcomes7.
Early ischemic injury, frequently manifesting as DGF, is also an important and potentially modifiable con-
tributor to poor long term survival following kidney transplantation8. Risk of DGF may be predicted based on 
donor and recipient characteristics9. Graft function is intensively monitored post-transplantation, but separating 
ischemia-mediated DGF from other causes of graft dysfunction, and predicting extent and tempo of recovery 
of graft function, is difficult. Invasive biopsy of the kidney graft is frequently employed in order to differentiate 
DGF from other possible causes of graft dysfunction including acute rejection, and carries increased risk in the 
immediate post-transplant period10. Identifying a non-invasive biomarker of the extent of IRI and hence DGF, 
would improve prediction of outcome and tailored management for transplant patients. Development of such a 
biomarker would also facilitate testing of new approaches to attenuate IRI and reduce the risk of DGF.
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Recently, microRNAs have emerged as essential post-transcriptional regulators of gene expression11–13. These 
small non-coding RNAs regulate various physiological and pathophysiological processes, and have an important 
role in acute kidney injury14. They are found in many biological samples including tissue, serum, and urine15. 
Because of their tissue-specific expression, microRNAs show promise as biomarkers, and their expression levels 
in urine may reflect intra-renal events16. Our laboratory has shown that microRNAs play a key role in renal prox-
imal tubular cell recovery from acute kidney injury17 and has developed robust laboratory-based methodologies 
for the isolation and quantification of urinary microRNAs16,18.
The urinary microRNA profile shows promise for detection of acute rejection within the kidney graft19–21. 
Lorenzen et al. found that urinary miR-210 abundance was a sensitive discriminator for non-treated versus 
treated acute rejection19. A panel of urinary microRNA changes have also been reported in patients experiencing 
chronic allograft dysfunction21. However, to our knowledge no studies have evaluated the microRNA profile of 
DGF in kidney transplantation.
The aim of this study was to test whether by quantifying urinary microRNAs it is possible to predict those who 
will go on to develop DGF following kidney transplantation. Our approach was to perform unbiased profiling and 
confirmatory analysis in a discovery cohort from a single center. The resultant signature predictive of DGF was 
then validated in a second cohort of 47 patients transplanted at an independent center.
Results
Characteristics of the discovery cohort. Consecutive transplant recipients were recruited in a single trans-
plant center at the time of transplantation, and with allocation to DGF or no DGF group at day 7 dependent on 
outcome. DGF was defined as requirement for Renal Replacement Therapy in the first 7 days post-transplantation7. 
To maximize capacity for results to translate into a test deliverable in clinical practice, total urinary microRNA 
quantification was performed, rather than sub-fractionation to study exosomes or other sub-compartments. To 
minimize sample variation in the profiling and discovery cohort, all patients were recruited in a single center, and 
the first urine passed post-transplantation was sampled from the urinary catheter immediately post-operatively. 
Pre-analytic sample handling and processing was adherent to the stated standard operating procedure, based on 
our previous work to define optimal handling and processing of urine samples for microRNA analysis.
HLA-incompatible transplantations were not included in the analysis, and all of the transplants included were 
from ABO-compatible donor-recipient pairs. Immunosuppression comprised Basiliximab or Anti Thymocyte 
Globulin and Methyl Prednisolone, followed by triple maintenance therapy (Tacrolimus, Mycophenolate Mofetil 
and Prednisolone). The same immunosuppressant protocol was employed for live and cadaveric recipients, 
however other differences in live versus cadaveric donor kidneys might influence post-transplantation urinary 
microRNA profile. In particular, the expected differences in pre-transplantation ischemic time were observed 
(Table 1) so in this initial analysis, live and cadaveric donor recipients were separated. Collection was contin-
ued until >10 patients were recruited to each of live-no DGF, cadaveric-no DGF, and cadaveric-DGF groups 
(these numbers based on expected magnitude of fold changes and variance, inferred from our previous urinary 
microRNA work). No live donor recipients sustained DGF during the collection period.
Clinical characteristics and demographics of the cohort are described in Table 1. 11 (48%) of deceased donor 
organs were from ‘Donation after brain-stem death’ (DBD) and 12 (52%) from ‘Donation after circulatory death’ 
(DCD) donors. When comparing those developing versus not developing DGF, similar numbers of donors had 
as cause of death Intracerebral hemorrhage (ICH), Hypoxic Brain Injury (HBI), Intracerebral Thrombosis (ICT), 
and other causes. Recipient cause of renal failure demonstrated similar numbers of recipients with Diabetic 
Kidney Disease (DM), Glomerulonephritis (GN), Adult Polycystic Kidney Disease (APKD) and Focal Segmental 
Glomerulosclerosis (FSGS). Patients experiencing DGF had longer hospital stays (median 19 days) compared to 
cadaveric kidney recipients not developing DGF (7 days) or live donor recipients (6 days). Two patients moved 
out of the area after 6 months. Duration of follow up was 2 years for all the other patients. Three episodes of graft 
loss were recorded (1 at 3 months (declining kidney function); 2 at 13 and 20 months respectively (rejection)). No 
patient mortality was recorded. Eight (24%) patients experienced one or more acute rejection episodes. Rejection 
rates were 31%, 10%, and 30% in the ‘CD-DGF’, ‘CD-No DGF’, and ‘LD-No DGF’ groups respectively (p = 0.452). 
Five of eight rejection episodes were “borderline” or “suspicious” for rejection according to Banff ’97 Working 
Classification22. The other three led to graft loss, and comprised one CD-DGF loss at three months due to fur-
ther deterioration in a recipient with poor post-transplant baseline function, and two LD-No DGF losses (at 13 
and 20 months) due to severe rejection, in both cases there was possible noncompliance with immunosuppres-
sive medication. In all cases, biopsies followed a clinical suspicion of rejection, and no protocol biopsies were 
undertaken in patients in this cohort. Mean estimated glomerular filtration rate (eGFR) (±SEM) at 6 months 
post-transplantation was 55.33 (±3.17) ml/min and there was no significant difference in eGFR between the 3 
groups (p > 0.9) (Fig. 1).
Identification of microRNAs differentially expressed in urine from patients subsequently devel-
oping DGF. Initial microRNA profiling was performed, to identify candidate microRNAs that might signal 
underlying graft ischemic injury and hence risk of DGF. 377 microRNAs were profiled by Taqman Low Density 
Array in four live donor recipients with immediate kidney function and four patients with cadaveric donor kid-
neys who went on to develop DGF. There was an overall pattern of increased abundance of microRNAs in the 
samples from those subsequently developing DGF (Fig. 2).
Validation of target microRNAs. From the TLDA profiling quantification, 8 microRNAs, which were most signif-
icantly differentially expressed in ‘CD-DGF’ group compared with ‘LD-No DGF’ group, were chosen for confirm-
atory RT-qPCR. Expression of 6 microRNAs (miR-9, -10a, -21, 29a, -221, and -429) was significantly up-regulated 
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with ≥5-fold change in the ‘CD-DGF’ group compared with both ‘LD-No DGF’ and ‘CD-No DGF’ groups, at 
‘first-pass urine’ post-transplantation (Fig. 3). Expression of miR-574-3p and -506 was not significantly differ-
entially expressed. No differences were detected between live and cadaveric donor recipients (Fig. 3) so further 
analysis focused on DGF occurrence independent of donor type. Combined Receiver Operating Characteristic 
(ROC) curve analysis of the 6 microRNAs (miR-9, -10a, -21, 29a, -221, and -429) showed ROC-AUC of 0.94 for 
discrimination of DGF from no-DGF outcome (Fig. 4). This was superior to the results obtained for any indi-
vidual miR (miR-9: AUC = 0.90, miR-10a: AUC = 0.82, miR-21: AUC = 0.81, miR-29a: AUC = 0.79, miR-221: 
AUC = 0.80, miR-429: AUC = 0.79) suggesting that the optimal approach was measurement of the combined 
biomarker panel. In comparison, ROC Curve analysis of this dataset employing the predictive scoring system of 
Irish et al.23 based on donor- and recipient-clinical characteristics, gave ROC-AUC 0.71 (Fig. 4).
Urinary expression profile of miR-21 in the first five days post-transplantation. The above data 
identified a panel of microRNAs that were predictive of DGF when measured in urine collected immediately 
post-transplantation. In order to determine whether urinary microRNAs are more generally useful as a biomarker 
of DGF in clinical practice, we next evaluated urinary expression profile of miR-21 in this cohort for the 5 con-
secutive days after kidney transplantation. miR-21 in urine was significantly up-regulated in the ‘CD-DGF’ group 
compared with both the ‘No DGF’ groups during the first five days post-transplantation (p < 0.05) (Fig. 5). When 
the ‘CD-No DGF’ and ‘LD-No DGF’ groups were compared, no significant difference in miR-21 expression levels 
was found. These data suggest that the increased microRNA expression in urine of patients with DGF identified 
here is sustained in the days following transplantation.
Independent Validation of results using a second cohort. In order to test the biomarker panel and 
to validate these findings, an independent cohort of 47 patients transplanted at a different transplant center 
(Newcastle Institute of Transplantation Tissue Biobank) was recruited and their urine samples collected in the 
first week post-transplantation. Of the 47 patients recruited, 13 (28%) developed DGF and 34 (72%) had no 
DGF (demographic data is displayed in Table 2). Mean estimated glomerular filtration rate (eGFR) (±SEM) at 
6 months post-transplantation was 48.19 (±2.71) ml/min and no significant difference in eGFR was detected 
between the 2 groups (p = 0.089). In order to provide a robust analysis of the panel in clinical practice, sam-
ples were collected throughout the first week post-transplantation. This led to increased variability of individual 
microRNA measurements (Fig. 6) consistent with the pattern observed in daily measurement of miR-21 (Fig. 5). 
All microRNAs showed a trend to- or significantly increased-expression in patients developing DGF (Fig. 6). A 
combined ROC curve analysis of the panel gave a ROC-AUC of 0.75 (Fig. 7).
Overall
Living donor 
without DGF
Cadaveric donor 
without DGF
Cadaveric donor 
with DGF
Donor median age in years (range) 48 (12–76) 43.5 (27–66) 54 (20–75) 65 (12–76)
Donor gender
Male 17 3 4 10
Female 16 7 6 3
Donor cause of death
ICH 10 — 3 7
HBI 2 — 2 0
ICT 2 — 1 1
Other 9 — 4 5
Median Cold Ischemic Time in minutes (range) 636 (46–1512) 192 (46–253) 870.5 (425–1512) 884 (456–1270)
Deceased Donor Type
DCD 12 — 3 9
DBD 11 — 7 4
Recipient median age in years (range) 53 (18–76) 50.5 (18–61) 43 (19–74) 56 (39–76)
Recipient gender
Male 23 6 7 10
Female 10 4 3 3
Dialysis Status
Pre-dialysis 5 5 0 0
HD 18 3 5 10
PD 10 2 5 3
Median Length of hospital stay in days (range) 8 (4–44) 6 (4–12) 7 (5–15) 19 (8–44)
Recipient cause of renal failure
DM 3 0 1 2
IgA N 4 2 0 2
GN 4 4
APKD 6 4 1 1
FSGS 5 2 2 1
Other 12 3 6 3
Median no. of HLA mismatches (range) 4 (0–6) 4 (0–5) 4 (0–6) 4 (0–6)
Table 1. Patient Demographics.
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Figure 1. Serum Creatinine, Urine Output and estimated glomerular filtration rate post-transplantation. 
Consecutive kidney transplant patients were recruited into 3 groups: Living donor kidney transplant without 
DGF (LD-No DGF); Cadaveric donor kidney transplant without DGF (CD-No DGF); and Cadaveric donor 
kidney transplant with DGF (CD-DGF). The mean (±SD) serum creatinine (A) and urine output (B) were 
plotted for days 1 to 5 post-transplantation. The estimated glomerular filtration rate (eGFR) (in ml/min) was 
measured using the Modification of Diet in Renal Disease (MDRD) formula. Mean (±SD) eGFR was plotted at 
several time points post-transplantation (C) and eGFR (ml/min) at 6 months was also plotted (D). The boxes 
indicate first and third quartiles and the median, the whiskers indicate the maximum and minimum of the data, 
and individual values are shown as dots. Number of patients in each group: LD-No DGF (n = 10); CD-No DGF 
(n = 10); and CD-DGF (n = 13).
Figure 2. Volcano plot of 137 microRNAs detected in ‘first-pass’ urine from cadaveric donors subsequently 
developing versus not developing delayed graft function (DGF). Taqman Low Density Array (TLDA) 
quantification was performed to profile the expression of 377 microRNAs in urine collected 24 h post-
transplantation in a “discovery set” comprising ‘first-pass’ urine of 4 recipients of ‘living-donor kidney 
transplant without DGF’ (LD-No DGF) compared to 4 recipients of ‘cadaveric kidney transplant with DGF’ 
(CD-DGF). Independent profiling was performed on each urine sample before normalisation to miR-cel-39. 
Relative expression was calculated by the delta delta Ct method42. A volcano plot of statistical significance 
(p-value) against fold-change was plotted between ‘LD-No DGF’ and ‘CD-DGF’. The most differentially 
expressed microRNAs were selected as candidates for further analysis (miR-9, -10a, -21, -29a, -221, -429, -506, 
and -574-3p).
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Discussion
Here, we have used unbiased profiling to identify microRNAs in the urine that are predictive of DGF following 
kidney transplantation (miR-9, -10a, -21, -29a, -221, and -429) and subsequently confirmed these findings using 
measurement of specific microRNAs by RTqPCR. These alterations in miR detection were then tested in an inde-
pendent cohort of patients transplanted at a separate center, and were further shown to be evident through the 
Figure 3. RT-qPCR analysis of microRNAs differentially expressed in DGF. MicroRNAs identified as 
differentially expressed in TLDA profiling (Fig. 2) were quantified by RT-qPCR in ‘first-pass’ urine in 33 
patients, whose donor and recipient characteristics are described in Table 1. MicroRNAs were quantified by 
Taqman individual microRNA assay, and data are normalised to miR-Cel-39 before calculation of relative 
expression by the delta delta Ct method42. 6 of 8 target microRNAs were up regulated in CD-DGF. Data are 
plotted as mean ± SEM. Number of patients in each group: LD-No DGF (n = 10); CD-No DGF (n = 10); and 
CD-DGF (n = 13). Statistical significance: *p < 0.05, **p < 0.01.
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five days following transplantation. These data suggest that urinary miR profile may be a useful measure of renal 
injury that manifests subsequently as delayed graft function.
Recent studies have begun to uncover the likely functions of microRNAs in the kidney, and there is accumu-
lating evidence that microRNAs play a key role in responses to acute kidney injury of various etiologies20,24,25. 
Amongst these, the most is known in terms of kidney injury about the role of miR-21. Increased levels of miR-21 
have been found in the urine and plasma of patients sustaining AKI of various etiologies26–28, and abundant data 
demonstrates mechanistic importance of miR-21 in the kidney following ischemic injury, where miR-21 may 
serve both to limit acute injury by inhibition of apoptosis and inflammatory pathways but also in the longer 
term may promote fibrosis (reviewed in29). In addition, our recent work showed that miR-21 measured in hypo-
thermic machine perfusate of kidneys placed on the Lifeport® perfusion system correlated with estimated GFR 
at 6 and 12 months post-transplantation30. In the current study, consistent with its possible role as a sentinel for 
Figure 4. Receiver Operating Characteristic (ROC) curve analyses of 6 microRNA signature to discriminate 
between patients with DGF and those without DGF. ROC Curve Analysis, plotting sensitivity versus specificity 
for the Cardiff Cohort of patients developing DGF versus No DGF. Performance of discovered microRNA 
signature and of published predictive algorithm based on donor and recipient characteristics are presented. (A) 
ROC Curve for 6-microRNA signature (miR-9, -10a, -21, -29a, -221, and -429), Area under ROC 0.94. (B) ROC 
Curve for the 6 microRNAs which were up-regulated in DGF.
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ischemic injury in the donor kidney, we found that elevated miR-21 was detectable throughout the first five days 
post-transplantation in patients developing DGF. Importantly, however, miR-21 as a single biomarker was out-
performed by a combined analysis of the signature derived from unbiased profiling.
The functions of other microRNAs identified in the present study in the context of kidney transplantation 
are currently unclear. Many of the known roles of these microRNAs are in cancer and development, potentially 
reflecting shared underlying actions but also potentially affected by the critical mass of research focus and studies 
in the field to date. MiR-10a is abundantly expressed in normal mouse kidney, where its function is unknown. It 
targets Hox genes, transcription factors with key developmental roles, and is found at increased levels in diverse 
tumors (reviewed in31). Previous data supports miR-10a as a biomarker in mouse models of AKI32. MiR-29a is 
Figure 5. The urinary expression profile of miR-21 post-transplantation. MiR-21 was one of 6 microRNAs up-
regulated in ‘first-pass’ urine samples of kidney transplant patients with DGF (Fig. 3). RT-qPCR was performed, 
using Taqman individual microRNA assay, for miR-21 to determine its expression profile in the first 5 days 
post-transplantation. Data was normalised to miR-Cel-39 before calculation of relative expression by the delta 
delta Ct method42. Data are plotted as mean ± SEM. Number of patients in each group: LD-No DGF (n = 10); 
CD-No DGF (n = 10); and CD-DGF (n = 13).
Overall (n = 47) DGF (n = 13) No DGF (n = 34)
Donor median age in years (range) 54.5 (28–75) 56 (40–74) 52 (28–75)
Donor gender
Male 29 9 20
Female 18 4 14
Donor cause of death (n = 30)
ICH 17 8 9
HBI 7 1 6
ICT 1 1 0
Other 5 2 3
Median Cold Ischemic Time in minutes (range) 717.5 (45–1495) 777 (74–1148) 628 (45–1495)
Deceased Donor Type (n = 30)
DCD 18 9 9
DBD 12 3 9
Recipient median age in years (range) 51 (18–72) 54 (38–66) 51 (18–72)
Recipient gender
Male 33 10 23
Female 14 3 11
Dialysis Status
Pre-dialysis 15 2 13
HD 26 8 18
PD 6 3 3
Median Length of hospital stay in days (range) 15 (9–63) 18 (12–63) 13 (9–38)
Recipient cause of renal failure
DM 3 1 2
IgA N 6 2 4
GN 7 1 6
APKD 5 1 4
FSGS 1 1 0
Other 25 7 18
Median no. of HLA mismatches (range) 3 (0–6) 3 (0–4) 3 (0–6)
Table 2. Patient Demographics of validation cohort (Newcastle).
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abundant in kidney, where it is linked to matrix deposition in response to the profibrotic cytokine Transforming 
Growth Factor Beta-133 as well as, outside the kidney, to regulation of the immune system and tumorigenesis 
(reviewed in34). MiR-221 regulates angiogenesis and is highly expressed in multiple cancers, where it has been 
proposed as both a biomarker and therapeutic target35. MiR-429 is part of the miR-200 family, strongly implicated 
in retention of an epithelial phenotype and downregulated in cancer-associated epithelial to mesenchymal tran-
sition36 while MiR-9 is implicated in brain development37.
Previous studies have evaluated microRNAs as potential biomarkers in kidney transplant recipients, focusing 
to date on detecting acute rejection19,38. Anglicheau et al. found increased amounts of miR-142-5p, -155 and -223 
in kidney biopsies from 12 patients experiencing acute rejection, and linked this to infiltration of the allograft 
by multiple cell types38. Lorenzen et al. found decreased levels of miR-210 in the urine of 62 patients suffering an 
acute rejection episode, and that low miR-210 levels were associated with a greater rate of decline in excretory 
kidney function in the first year19. These microRNAs were not differentially expressed in our profiling studies, 
Figure 6. RT-qPCR analysis of microRNAs differentially expressed in DGF in a second validation cohort from 
a different transplant centre. Urine samples were collected in the first week post-transplantation from 50 kidney 
transplant recipients at Newcastle transplant centre and grouped into ‘DGF’ (n = 13) and ‘No DGF’ (n = 37). 
Following RNA extraction, RT-qPCR was performed to quantify the 6 validated microRNAs (miR-9, -10a, 
-21, -29a, -221, and -429) using Taqman individual microRNA assays. Data was normalised to miR-191 before 
calculation of relative expression by the delta delta Ct method42. Data are plotted as mean ± SEM.
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supporting the idea that different microRNA changes are seen in patients exhibiting DGF versus those suffering 
an acute rejection episode, consistent with the different underlying pathology.
ROC analysis is a commonly used approach to depict the trade-offs between sensitivity and specificity for 
a given test. The ROC curve can be summarized by the area under the curve (AUC ROC) which equates to the 
probability that if a random case and control from the population are compared, the case will have the higher 
value (reviewed in39). The microRNA panel that we describe had very high discriminatory capacity in the dis-
covery set (AUC 0.94) which was reduced in a second, independent validation cohort (AUC 0.75). In part, this 
reflects the inherently higher predictive value for a biomarker panel in the sample set from which it is defined. 
Important concepts for validation are replication in an independent cohort, and to seek clinical as well as statisti-
cal validation (reviewed in40). In the current study, the validation cohort was chosen to reflect how the test might 
be used in standard care, with sampling at variable times in the immediate post-transplant period. A consequence 
is greater variability in microRNA levels, as reflected in Fig. 5, and we propose that this diminishes the perfor-
mance of the test (in AUC terms) but gives a more realistic appreciation of its potential value in clinical practise.
DGF Scoring systems using clinical parameters have previously been developed, for example that by Irish et al. 
which uses 20 donor- and recipient-variables to predict likelihood of DGF23. The AUC for this predictive tool 
was reported as 0.704 when first described, and consistent with this, we found an AUC ROC of 0.709 employing 
this approach. The AUC for the urinary microRNA profile that we have identified performs well when compared 
to this, with AUC 0.75 in the external validation cohort. Rather than seeking to replace consideration of existing 
clinical parameters, however, optimal use of the profile that we have identified is likely to involve its integration 
with such data. Such a combined approach has the potential advantage of integrating multiple data points about 
an individual patient, each of which may inform about different components of their overall condition.
MicroRNAs are emerging as important biomarkers in multiple disease processes including kidney injury and 
transplantation. The current study identifies a microRNA signature in urine that provides a non-invasive measure 
of DGF risk in kidney transplant recipients. It will be important in future studies to test the utility of this measure 
in the decision-making processes surrounding kidney transplantation, and to determine how best to integrate it 
with prediction approaches based on baseline characteristics and other clinically available data. It will also be use-
ful to seek to understand the mechanisms underlying the increased urinary miR levels that we have uncovered. In 
the case of miR-21 there is strong evidence to link this to link this to its known regulatory actions within kidney 
cells, in the case of the other miRs identified, the underlying mechanisms are to be discovered, and represent an 
important future focus for research.
Methods
All methods were carried out in accordance with relevant guidelines and regulations. Experimental protocols 
were approved by Cardiff University, and informed consent was obtained from all subjects.
Urine Samples. Urine samples were collected in 20 ml universal containers from consecutive kidney trans-
plant patients on days 1 to 5 post-transplant at a single transplant center (Cardiff Transplant Center, University 
Hospital of Wales, Cardiff, UK). The first sample was taken immediately post-transplant, i.e. ‘first-pass urine’. 
Recruitment took place until there were at least 10 patients per group: living donor kidney transplant with-
out DGF (LD-No DGF), cadaveric donor kidney transplant without DGF (CD-No DGF), and cadaveric donor 
Figure 7. Receiver Operating Characteristic (ROC) curve analyses of 6 microRNA signature to discriminate 
between patients with DGF and those without DGF. Newcastle cohort: DGF (n = 13) v No DGF (n = 37) ROC 
of 0.75 for the 6 microRNAs which were up-regulated in DGF (miR-9, -10a, -21, -29a, -221, and -429).
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kidney transplant with DGF (CD-DGF). All patients gave informed consent for samples to be collected and 
stored in the Wales Kidney Research Tissue Bank. Urine samples were centrifuged at 2000 g for 10 minutes at 4 °C 
to remove debris. The supernatant was divided into aliquots of 350 μl for RNA extraction. Samples were stored at 
−80 °C until RNA extraction experiments. For subsequent validation, a second cohort of 47 patients undergoing 
transplantation at a second center (Newcastle Institute of Transplantation) was recruited. Patients in this vali-
dation cohort gave a single spot sample of urine in the first five days following transplantation. All subjects gave 
informed consent for sample collection (Research Ethics Committee reference 11/NE/0352 and 09/WSE02/48).
RNA Extraction. RNA was extracted using miRNeasy Mini Kits (Qiagen, Manchester, UK) as per the man-
ufacturer’s instructions, with minor modifications as per the protocol recently established in this laboratory41. In 
brief, urine was centrifuged at 2000 g for 10 mins at 4 °C before addition of carrier RNA (MS2 RNA, Roche) at 
1 μg/750 μL w/v, and synthetic Caenorhabiditis elegans cel-miR-39 (MC10956, cel-miR-39; Life Technologies, 
Paisley, Renfrewshire, UK) to final concentration 0.5pM, before proceeding as per the miRNeasy extraction protocol.
Taqman Low Density Array. 377 unique microRNAs and 4 controls were measured by Taqman Low 
Density Array (TLDA, Megaplex RT Primers Human Pool A v.2.1) with Reverse Transcription followed by 
pre-amplification Megaplex PreAmp primers, according to the manufacturer’s recommendations (Life technol-
ogies). TLDA (Human MicroRNA Panel Card A v.2.0) was performed using a 7900-HT Fast Real-Time PCR 
System, according to the manufacturer’s recommendations (Life Technologies).
RT-qPCR. cDNA was generated using a High Capacity Reverse Transcription Kit with specific stem loop primers 
for the TaqMan miRNA assays (Life Technologies). RT-qPCR was performed on a ViiA7 Fast Real-Time PCR System 
(Life Technologies). The amplification of a single PCR product was confirmed by melt curve analysis. Selected 
microRNAs (miR-9, -10a, -21, -29a, -221, -429, -506, and -574-3p) were quantified by Taqman miRNA assay, 
according to the manufacturer’s instructions and their expression normalized to miR-cel-39. The relative changes in 
gene expression were analyzed by the 2−ΔΔCT method42. Taqman microRNA gene expression assay ID numbers were 
hsa-miR-9 (000583), hsa-miR-10a (000387), hsa-miR-21 (000397), hsa-miR-29a (000412), hsa-miR-221 (000524), 
hsa-miR-429 (001024), hsa-miR-506 (001050), hsa-miR-574-3p (002349) and miR-cel-39 (000200).
Clinical Data. The clinical and research activities being reported are consistent with the Principles of the 
Declaration of Istanbul as outlined in the ‘Declaration of Istanbul on Organ Trafficking and Transplant Tourism’. 
Demographic data were collected on the donors (age, gender, cause of death for deceased donors, cold ischemic 
times) and recipients (age, gender, cause of renal failure, dialysis status,), HLA mismatch, duration of hospital 
stay, and eGFR at 3, 6, 9 and 12 months.
Statistics. Statistical analyses were performed using GraphPad Prism version 6. ROC analysis was conducted 
using R software. Categorical Data were expressed as median (and range) and analyzed by Mann-Whitney U test. 
Continuous data were reported as mean (±SEM) and analyzed by unpaired Student’s t test. Significance level was 
pre-specified as p-value < 0.05.
References
 1. Laupacis, A. et al. A study of the quality of life and cost-utility of renal transplantation. Kidney Int 50, 235–242 (1996).
 2. Wolfe, R. A. et al. Comparison of mortality in all patients on dialysis, patients on dialysis awaiting transplantation, and recipients of 
a first cadaveric transplant. N Engl J Med 341, 1725–1730, https://doi.org/10.1056/NEJM199912023412303 (1999).
 3. NHSBT. Transplant Activity in the UK - Activity Report 2016-17. https://nhsbtdbe.blob.core.windows.net/umbraco-assets-
corp/4657/activity_report_2016_17.pdf (Accessed 2nd May 2018).
 4. Gridelli, B. & Remuzzi, G. Strategies for making more organs available for transplantation. N Engl J Med 343, 404–410, https://doi.
org/10.1056/NEJM200008103430606 (2000).
 5. Stratta, R. J. et al. Increased kidney transplantation utilizing expanded criteria deceased organ donors with results comparable to 
standard criteria donor transplant. Ann Surg 239, 688–695; discussion 695–687 (2004).
 6. Metzger, R. A. et al. Expanded criteria donors for kidney transplantation. Am J Transplant 3(Suppl 4), 114–125 (2003).
 7. Ojo, A. O. et al. Survival in recipients of marginal cadaveric donor kidneys compared with other recipients and wait-listed transplant 
candidates. J Am Soc Nephrol 12, 589–597 (2001).
 8. Perico, N., Cattaneo, D., Sayegh, M. H. & Remuzzi, G. Delayed graft function in kidney transplantation. Lancet 364, 1814–1827, 
https://doi.org/10.1016/S0140-6736(04)17406-0 (2004).
 9. Neuberger, J. M. et al. Practical Recommendations for Long-term Management of Modifiable Risks in Kidney and Liver Transplant 
Recipients: A Guidance Report and Clinical Checklist by the Consensus on Managing Modifiable Risk in Transplantation 
(COMMIT) Group. Transplantation 101, S1–S56, https://doi.org/10.1097/TP.0000000000001651 (2017).
 10. Ahmad, I. Biopsy of the transplanted kidney. Semin Intervent Radiol 21, 275–281, https://doi.org/10.1055/s-2004-861562 (2004).
 11. He, L. & Hannon, G. J. MicroRNAs: small RNAs with a big role in gene regulation. Nat Rev Genet 5, 522–531, https://doi.org/10.1038/
nrg1379 (2004).
 12. Chen, K. & Rajewsky, N. The evolution of gene regulation by transcription factors and microRNAs. Nat Rev Genet 8, 93–103, https://
doi.org/10.1038/nrg1990 (2007).
 13. Krol, J., Loedige, I. & Filipowicz, W. The widespread regulation of microRNA biogenesis, function and decay. Nat Rev Genet 11, 
597–610, https://doi.org/10.1038/nrg2843 (2010).
 14. Khalid, U., Bowen, T., Fraser, D. J. & Jenkins, R. H. Acute kidney injury: a paradigm for miRNA regulation of the cell cycle. Biochem 
Soc Trans 42, 1219–1223, https://doi.org/10.1042/BST20140093 (2014).
 15. Mas, V. R., Dumur, C. I., Scian, M. J., Gehrau, R. C. & Maluf, D. G. MicroRNAs as biomarkers in solid organ transplantation. 
American journal of transplantation: official journal of the American Society of Transplantation and the American Society of Transplant 
Surgeons 13, 11–19, https://doi.org/10.1111/j.1600-6143.2012.04313.x (2013).
 16. Beltrami, C., Clayton, A., Phillips, A. O., Fraser, D. J. & Bowen, T. Analysis of urinary microRNAs in chronic kidney disease. 
Biochemical Society transactions 40, 875–879, https://doi.org/10.1042/BST20120090 (2012).
 17. Jenkins, R. H. et al. miR-192 induces G2/M growth arrest in aristolochic acid nephropathy. Am J Pathol 184, 996–1009, https://doi.
org/10.1016/j.ajpath.2013.12.028 (2014).
1 1Scientific RepoRts |          (2019) 9:3584  | https://doi.org/10.1038/s41598-019-38642-3
www.nature.com/scientificreportswww.nature.com/scientificreports/
 18. Beltrami, C. C. et al. Stabilization of Urinary MicroRNAs by Association with Exosomes and Argonaute 2 Protein. Non-Coding RNA 
1, 151–166 (2015).
 19. Lorenzen, J. M. et al. Urinary miR-210 as a mediator of acute T-cell mediated rejection in renal allograft recipients. American journal 
of transplantation: official journal of the American Society of Transplantation and the American Society of Transplant Surgeons 11, 
2221–2227, https://doi.org/10.1111/j.1600-6143.2011.03679.x (2011).
 20. Chandrasekaran, K. et al. Role of microRNAs in kidney homeostasis and disease. Kidney international 81, 617–627, https://doi.
org/10.1038/ki.2011.448 (2012).
 21. Maluf, D. G. et al. The urine microRNA profile may help monitor post-transplant renal graft function. Kidney international 85, 
439–449, https://doi.org/10.1038/ki.2013.338 (2014).
 22. Racusen, L. C. et al. The Banff 97 working classification of renal allograft pathology. Kidney international 55, 713–723, https://doi.
org/10.1046/j.1523-1755.1999.00299.x (1999).
 23. Irish, W. D., Ilsley, J. N., Schnitzler, M. A., Feng, S. & Brennan, D. C. A Risk Prediction Model for Delayed Graft Function in the 
Current Era of Deceased Donor Renal Transplantation. American Journal of Transplantation 10, 2279–2286, https://doi.org/10.1111/
j.1600-6143.2010.03179.x (2010).
 24. Li, J. Y., Yong, T. Y., Michael, M. Z. & Gleadle, J. M. Review: The role of microRNAs in kidney disease. Nephrology 15, 599–608, 
https://doi.org/10.1111/j.1440-1797.2010.01363.x (2010).
 25. Godwin, J. G. et al. Identification of a microRNA signature of renal ischemia reperfusion injury. Proceedings of the National Academy 
of Sciences of the United States of America 107, 14339–14344, https://doi.org/10.1073/pnas.0912701107 (2010).
 26. Du, J. et al. MicroRNA-21 and risk of severe acute kidney injury and poor outcomes after adult cardiac surgery. Plos One 8, e63390, 
https://doi.org/10.1371/journal.pone.0063390 (2013).
 27. Chau, B. N. et al. MicroRNA-21 promotes fibrosis of the kidney by silencing metabolic pathways. Sci Transl Med 4, 121ra118, https://
doi.org/10.1126/scitranslmed.3003205 (2012).
 28. Ramachandran, K. et al. Human miRNome profiling identifies microRNAs differentially present in the urine after kidney injury. 
Clin Chem 59, 1742–1752, https://doi.org/10.1373/clinchem.2013.210245 (2013).
 29. Fan, P. C., Chen, C. C., Chen, Y. C., Chang, Y. S. & Chu, P. H. MicroRNAs in acute kidney injury. Hum Genomics 10, 29, https://doi.
org/10.1186/s40246-016-0085-z (2016).
 30. Khalid, U. et al. MicroRNA-21 (miR-21) expression in hypothermic machine perfusate may be predictive of early outcomes in 
kidney transplantation. Clinical transplantation, https://doi.org/10.1111/ctr.12679 (2015).
 31. Tehler, D., Høyland-Kroghsbo, N. M. & Lund, A. H. The miR-10 microRNA precursor family. RNA Biol 8, 728–734, https://doi.
org/10.4161/rna.8.5.16324 (2011).
 32. Wang, N. et al. Urinary microRNA-10a and microRNA-30d serve as novel, sensitive and specific biomarkers for kidney injury. Plos 
One 7, e51140, https://doi.org/10.1371/journal.pone.0051140 (2012).
 33. Qin, W. et al. TGF-β/Smad3 signaling promotes renal fibrosis by inhibiting miR-29. J Am Soc Nephrol 22, 1462–1474, https://doi.
org/10.1681/ASN.2010121308 (2011).
 34. Schmitt, M. J., Margue, C., Behrmann, I. & Kreis, S. MiRNA-29: a microRNA family with tumor-suppressing and immune-
modulating properties. Curr Mol Med 13, 572–585 (2013).
 35. Song, J. et al. Potential Value of miR-221/222 as Diagnostic, Prognostic, and Therapeutic Biomarkers for Diseases. Front Immunol 8, 
56, https://doi.org/10.3389/fimmu.2017.00056 (2017).
 36. Gregory, P. A. et al. The miR-200 family and miR-205 regulate epithelial to mesenchymal transition by targeting ZEB1 and SIP1. Nat 
Cell Biol 10, 593–601, https://doi.org/10.1038/ncb1722 (2008).
 37. Coolen, M., Katz, S. & Bally-Cuif, L. miR-9: a versatile regulator of neurogenesis. Front Cell Neurosci 7, 220, https://doi.org/10.3389/
fncel.2013.00220 (2013).
 38. Anglicheau, D. et al. MicroRNA expression profiles predictive of human renal allograft status. Proc Natl Acad Sci USA 106, 
5330–5335, https://doi.org/10.1073/pnas.0813121106 (2009).
 39. Berrar, D. & Flach, P. Caveats and pitfalls of ROC analysis in clinical microarray research (and how to avoid them). Briefings in 
Bioinformatics 13, 83–97, https://doi.org/10.1093/bib/bbr008 (2012).
 40. Altman, D. G. & Royston, P. What do we mean by validating a prognostic model? Statistics in Medicine 19, 453–473, https://doi.
org/10.1002/(SICI)1097-0258(20000229)19:4<453::AID-SIM350>3.0.CO;2-5 (2000).
 41. Beltrami C. C. et al. Association of Elevated Urinary miR-126, miR-155, and miR-29b with Diabetic Kidney Disease. Am J Pathol. 
188(9), 1982–1992 (2018).
 42. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(−Delta Delta 
C(T)) Method. Methods 25, 402–408, https://doi.org/10.1006/meth.2001.1262 (2001).
Acknowledgements
This work was funded by the Medical Research Council Confidence in Concept Scheme, and Cardiff & Vale 
University Health Board.
Author Contributions
Conceived the study: U.K., T.B., R.C. and D.F. Performed experimental work: U.K., L.N., K.S. and L.B. Data 
collection and analysis: All Authors. Drafted first manuscript: U.K. and D.F. Revised and approved manuscript: 
All Authors.
Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
